There is ample evidence that motor sequence learning is mediated by changes in brain activity. 39
Two classes of motor behaviors can be used to describe our interaction with the 62 environment: motor adaptation and sequential motor behaviors. Motor adaptation enables us to 63 compensate for changes in the environment (e.g. driving on the other side of the road), while 64 sequential motor behaviors refer to a series of motor actions accomplished in a specific order that 65 are used in everyday routines such as preparing a meal or playing an instrument like the piano. 66
Motor skill learning is the process by which these two classes of behaviors are acquired and 67 retained through repeated practice (Doyon et focused on changes in cerebral activity during the learning process and no study has yet explored 73 the possibility that sequence learning may also involve changes within spinal circuits in humans. 74
Most likely, the acquisition of novel motor skills involves processes distributed within multiple 75 levels of the central nervous system (Hikosaka et al. 2002) , including the spinal cord 76 (Schouenborg 2004; Windhorst 1996) . 77
A large body of work using neuroanatomical and electrophysiological methods in animals 78 and humans has demonstrated that the spinal cord generates complex motor programs and 79 constitutes an important site for integrating and processing sensory inputs (Rossignol et al. 2006 80 for reviews; Wolpaw and Tennissen 2001) . Moreover, plasticity in cortical structures can induce 81 functional changes within spinal circuits through corticospinal projections (Wolpaw 2007) . 82
Regardless of its source of modulation (supraspinal or local), spinal plasticity can be reflected by 83 various changes in spinal neuron properties, such as their excitability and/or the number or the 84 density of synaptic terminals. (Wang et al. 2006) . In turn, these changes can be indirectly 85 assessed through modifications in spinal reflex excitability. More specifically, changes in spinal 86 reflexes evoked by sensory inputs from skin and muscle receptors can indicate changes at the 87 spinal level in relation to movement and/or acquisition of novel motor skills. In the current study, 88
we used the H-reflex because it can be measured non-invasively and it involves a relatively 89 simple pathway. Changes in the H-reflex amplitude can result from altered presynaptic release of 90 neurotransmitters from group Ia afferent terminals (i.e. presynaptic inhibition) and/or from 91 altered motoneuron excitability, both of which would be mediated at the spinal level, even though 92 the source of the modulation could also be from supraspinal origin. amplitude was found to be modulated both by the nature of the task (i.e. from standing to walking 96 to running) as well as by the phase of a particular motor action (i.e. stance compared to swing 97 during walking or running) (Capaday and Stein 1986; 1987; Simonsen and Dyhre-Poulsen 1999) . 98 H-reflexes evoked in forearm muscles, such as the flexor carpi radialis (FCR), also display task-99 and phase-dependent modulation during movement (Zehr et al. 2003 Indeed, in a recent study, in human subjects it was shown that operant conditioning of the soleus 109 H-reflex over several weeks occurred in two phases (Thompson et al. 2009 ). The first, rapid 110 phase, which is mediated by the reward contingency and believed to putatively involve the 111 corticospinal tract (CST), produces a small change in reflex amplitude from the onset of the 112 conditioning process. The second, slower phase, which is responsible for most of the final reflex 113 changes, is thought to be mediated by gradual and persistent influences from the CST. 114
Other studies have also shown that H-reflex excitability can be altered in relation to the 115 acquisition of novel motor skills (Mazzocchio et al. 2006; Perez et al. 2005 ). For instance, soleus 116 H-reflex excitability was found to be depressed following the acquisition of a novel visuo-motor 117 skill involving ankle movements (Perez et al. 2005 ), or following a skilled leg cycling task 118 (Mazzocchio et al. 2006 ). In both of these studies, it was clearly shown that H-reflex excitability 119 was more depressed in the learning task than in a simpler task involving similar movements. 120
Can similar functional plasticity of the H-reflex pathway be observed in a motor sequence 121 learning paradigm, and in a task that involves the upper limbs? In the present study, we used an 122 experimental paradigm designed to evaluate whether implicit motor sequence learning 123 (performing movements without the exact knowledge about the underlying sequential structure) 124 involving wrist movement produces short-term changes in H-reflex amplitude of a wrist flexor 125 muscle (i.e. the first phase described by Thompson et al. 2009 ). Considering that H-reflex 126 amplitude can be altered following a short bout of physical activity, we also assessed whether 127 changes in reflex amplitude were specifically due to learning the sequential motor task and not 128 simply because of performing movements. 129
130

Materials and methods 131
Subjects. Twenty participants were recruited and signed a consent form approved by the 132
Ethics' Committee at the Geriatric Institute of the Université de Montréal. Six subjects were 133 excluded from the analysis due to failure of the stimulation electrodes to stay firmly taped to the 134 subject's skin (1 subject), to noisy recruitment curves (2 subjects), to an inability to evoke H-135 reflexes below 18 mA of electrical stimulation (2 subjects), and to an abnormally low H-reflex 136 threshold (at 1.5 mA one subject already displayed both H-reflex and M-response rendering too 137 small the difference between different levels of stimulation). Data from the remaining 14 subjects 138 (8 females, 6 males) are reported below. 139
Experimental design. We used a within-subject experimental design, where each 140 participant was exposed to three conditions in a single testing session: Sequence, Random and 141
Simple. The order of the conditions was randomized across participants. In each condition, 142 subjects were asked to execute twelve blocks of 120 externally-triggered movements (see Fig.  143 1A). The H-reflexes were recorded and measured prior to performing any block of motor activity 144 (i.e. baseline level) and during rest periods that followed each block in the experimental runs. All 145 H-reflexes were evoked while subjects held their right arm in a fixed position. The three 146 conditions involved visually-guided movements which differed with respect to the type of 147 movements that subjects had to perform. In the Sequence condition, participants moved the right 148 wrist in a sequential manner, following a deterministic 12-element spatial sequence (for details, 149 see task description). During the Random condition, wrist movements were performed in an 150 arbitrary order, while in the Simple condition subjects moved their wrist either left-right or front-151 back, alternating between these directions every 30 movements. In all conditions, subjects were 152 instructed to react as quickly as possible. A brief break, lasting approximately two minutes, was 153
given between each experimental condition in order to save the EMG data and start a new 154 recording session. The comparison of interest was between the Sequence and Random conditions, 155 as they bear direct implications for motor sequence learning (in both cases subjects perform 156 sequences, but in the former case these are deterministic, whereas in the latter these are random). 157
The Simple condition was included to account for changes which may be induced by the 158 increased speed of movement execution. 159
Task description. After completing the consent form, the participant sat in an armchair, in 160 front of a laptop placed on a desk. A joystick was fixed to the right armrest of the chair using a 161
Velcro fastener, which provided a good fixation and allowed the joystick to be positioned along 162 the armrest according to the subject's arm length. The chair had a fixed back support, which also 163 limited arm movement posteriorly when the limb was on the armrest. The fastener and back 164 support ensured that the apparatus was comfortably placed, and that each subject had the upper 165 limb in a fixed position when holding the joystick, with the arm and forearm forming an angle of 166 about 110 degrees. This arm posture was maintained during the rest period to ensure that EMG 167 measurements and H-reflex assessment were not influenced by limb position (Baldissera et al. 168
2000; Frigon et al. 2007). 169
Experimental target stimuli (red squares) guiding the subjects' movements were presented 170 on the computer screen. On each trial, a target stimulus appeared in one of four equidistant 171 locations (up, down, left, right). The joystick controlled the movement of a small green square on 172 the screen. In all three conditions, the subject was instructed to move the joystick so that the 173 green square contacted the target stimulus as fast as possible. Once contacted, the target vanished 174 and instantly re-appeared in another location. In the Sequence condition, the targets followed a 175 12-element spatial sequence on the screen (see Fig. 1B by the task, the M-response was measured at the low intensity (i.e. on the ascending limb), as 216 well as on the descending limb of the H-Reflex at higher stimulation intensity corresponding to 217 an amplitude of approximately 50% of Mmax (i.e. the dark discs on the M-curve in the Fig. 1,  218 panel C). These high-intensity stimulations were delivered 10 seconds after the low intensity 219 stimulations. Therefore, the low and high intensity stimulations were administered in an 220 alternating fashion (e.g. low-high-low-high…) always in this order with a frequency of 0.1 Hz. 221
Behavioral data analysis. Statistical analyses of both behavioral and EMG data were 222 performed using SPSS software (SPSS Inc., Chicago, IL, USA). The visual target (i.e. the red 223 square) remained displayed on the screen until the subject reached it with the green square, so no 224 errors were produced during the task. Therefore, the RT was the only recorded behaviorally-225 dependent variable. This was expressed as the average time (in seconds), which was required to 226 execute each sequence (12 consecutive movements) in any block of trials. However, because RTs 227 were positively skewed, hence violating the normality of the distribution, we performed an 228 inverse transformation (1/RT) to normalize the data. This type of transformation is best suited for 229
RTs because it preserves statistical power (Whelan 2008) . We then used one-sample 230 Kolmogorov-Smirnov (K-S) tests to assess the success of the inverse transformation for the data 231 of each subject in each condition. The results of the K-S tests showed that the inverse 232 transformation was successful except in one subject where it failed to normalize the data in the 233 Random condition. We decided to neglect this single negative exception and to use the inverse 234 RT without excluding any data. For analysis of the behavioral data, we used a mixed general 235 linear model (GLM) with subjects as a random factor and conditions (Sequence, Random, 236 Simple) and blocks (4 categories with 3 blocks in each: 1-3, 4-6, 7-9, 10-12) as fixed factors. 237
Post-hoc pairwise comparisons between different combinations of experimental conditions were 238 performed using Sidak tests, which account for the total number of comparisons. 239
In order to assess the effect of experimental conditions on changes in behavioral measures 240 over time, we used the curve estimation function in SPSS and found that a power function (ex. 241
Y=b 0 +t b1 , where Y represents the dependent variable and t is the temporal information such as 242 the block or trial index) best fitted the data in all three conditions. We then applied a logarithmic 243 transformation to the data to obtain linear estimations and used a linear stepwise regression 244 analysis to compare effects of the three experimental conditions over time. In this analysis we 245 used as independent factors the number of repetitions across time (an index counting the number 246 of time subjects performed 12 consecutive movements), thirteen dummy variables to account for 247 inter-subject differences (N=14) and two dummy variables to code for the three experimental 248 conditions. Specifically, these two dummy variables coded the presence or absence ( GLM models show that subjects learned the motor sequence, and that this learning process was 298 most likely implicit because subjects were not told about the sequence beforehand, as they were 299 simply instructed to respond to the visual cue. The fact that motor learning was implicit in our 300 task was further confirmed in a post-experimental interview, which revealed that no subject could 301 correctly recall more than 3 correct successive elements (i.e. movements) of the 12-element 302 sequence. 303
Rate of movement across time. Figure 2B shows the movement rate as a function of the 304 number of repetitions (number of 12 consecutive movements over time) in each experimental 305 condition. The results of a stepwise linear regression indicated that by adding the two interaction 306 terms to the model containing only the dummy variables and the repetition index, the proportion 307 of the dependent factor variability explained by the model increased significantly [ Sidak test) conditions (Fig. 3A) . Moreover, there were no significant correlations between 323 changes in H-reflex amplitude and averaged background EMG for FCR and ECR pooled across 324 blocks in any of the three experimental conditions, at the group level. However, when calculating 325 the correlations at the subject level, we found significant negative correlations (p<0.05), but only 326 in 2 out of 14 subjects in Simple and Random conditions and in 3 out of 14 participants in the 327 Sequence condition. For two more participants in the Random condition, the analysis revealed 328 significant positive correlations between these variables. Therefore, to exclude the possibility that 329 our results were due to changes in background muscular activity, we performed the GLM 330 analysis on the EMG background activity of both the FCR and ECR for the 50 ms preceding the 331 electrical stimulation. We found no significant effect of the experimental conditions on these two 332 dependent variables during both low experimental conditions tended to remain stable during the study (i.e. across blocks). However, 345 this does not guarantee that the specific difference between Sequence and Random condition was 346 also preserved across blocks (Figure 3, panel B) . Pairwise comparisons showed that this 347 difference remained significant for the first 9 blocks of the session (Sidak tests, p<0.05), but not 348 for the last three blocks (p>0.05). These results suggest that differences in H-reflex amplitude 349 between different conditions, pooled across all blocks, originate primarily from differences 350 observed during the first three quarters (9 blocks) of the runs. In the present study, participants performed a motor task with their dominant upper limb, 373 in which they had to move a joystick to targets appearing on a screen in three conditions: 374 Sequence, Random, and Simple. The data showed that subjects learned the motor sequence 375 implicitly. Movement rate was highest in the Simple condition, followed by the Sequence and 376
Random conditions. The EMG results indicated that H-reflex amplitude was reduced after all 377 blocks of motor activity relative to baseline values in all three conditions. However, H-reflex 378 amplitude decreased significantly more in the Sequence condition compared to the other two 379 conditions for the first three quarters of the session (first 9 blocks), until subjects reached 380 asymptotic performance (i.e. a plateau), indicating that the reduction in H-reflex amplitude was 381 related to the sequential content of the task, and not simply a consequence of executing wrist 382 movements. Moreover, during this period, H-reflex amplitude remained significantly more 383 with earlier studies showing a depression of H-reflex amplitude following movement, but also 398 extend these findings by showing that H reflex amplitude was more affected by learning a 399 sequential motor task (Fig. 3A) . Furthermore, our results show that this greater reduction was not 400 simply proportional to the speed of execution because movement execution was faster in the 401
Simple condition, which displayed a smaller reduction in H-reflex than in the Sequence 402 condition. Therefore learning a sequence accentuates the reduction in H-reflex excitability. 403
In previous studies, the reduction in H-reflex amplitude following movement has been 404 shown to persist for various periods of time, that is up to 4 seconds (Misiaszek et al. 1995 A. In each experimental condition there were 12 blocks of motor activity followed by a rest 505 period of 80 seconds, where the FCR H-reflex was evoked 4 times. B. The 12-element sequence 506 used in the Sequence condition (1-2-3-1-4-2-4-3-2-1-3-4). In any block of this condition, the 507 sequence could start in any point and then elements repeated following this structure. C. The 508 recruitment curves for the H-reflex and corresponding M-response in Subject s309. There were 509 two levels of electrical stimulation used during the experiment: the low intensity level was used 510
to obtain a measure of the H-reflex (uncontaminated by the antidromic collision -grey disc on 511 the H-curve), with an amplitude of about 50% of the maximal H-reflex (Hmax), on the ascending 512 limb of the recruitment curve. The high-intensity level was used to measure the changes in the M-513 response curve (dark discs), with an initial amplitude of about 50% of the M-max. condition, throughout the run (every 3 blocks). C. The raw EMG signal 10 milliseconds prior and 524 40 milliseconds after the low-intensity electrical stimulation for two of the subjects. The baseline 525 signal represents the average of the 4 stimulations prior to performing any movement in the task. 526
The signal corresponding to each experimental condition reflects the average of 48 stimulations. 527
The occurrence of the H-reflex in time is marked by the blue ellipse. In panels A and B, the error 528 bars represent 95% CI of the mean estimate. * represents a significant difference at p<0.05, and 529 ** represents a significant difference at p<0.01. 530 531 Figure 4 . 532
Changes in H-reflex amplitude (% of initial amplitude, measured prior to any motor activity) for 533 the first and last electrical stimulations (60 seconds apart) at low intensity in each experimental 534 condition. The error bars represent 95% CI of the mean estimate. * represents a significant 535 difference at p<0.05, and ** represents a significant difference at p<0.01. 536 537 538 539
